Timing of protein synthesis which is a prerequisite to DNA synthesis induced in potato tuber tissue (Solanum tuberosum L.) by cut injury has been studied using cycloheximide. The induction of DNA synthesis which was measured by incorporation of 3H-thymidine was completely inhibited when the inhibitor was applied to the tuber discs immediately after slicing. When the application of cycloheximide was delayed for 6 hours or more after slcing, DNA synthesis was observed but its rate was reduced to 20% of control. The inhibitory effect of cycloheximide, however, rapidly decreased when the inhibitor was applied at 6 or less hours immediately prior to determination of DNA synthesis. (1, 10) . RNA and protein syntheses were reported to be involved in the development of wound respiration in potato tuber slices and the necessary protein was synthesized in a very
of cycloheximide, however, rapidly decreased when the inhibitor was applied at 6 or less hours immediately prior to determination of DNA synthesis. The effect of cycloheximide on the incorporation of 14C-leucine suggests that the change in the effect of cycloheximide on the induction of DNA synthesis is not due to incomplete inhibition of protein synthesis. Cycloheximide did not have significant effects on either uptake or phosphorylation of 3H-thymidine in the discs. Inhibition of both protein and DNA synthesis by cycloheximide was reversed by washing and further incubation of the discs. Almost no qualitative difference was detected by buoyant density analysis between DNA formed under inhibition of protein synthesis of the later stage and DNA synthesized under normal conditions. These results suggest that DNA synthesis induced in potato tuber tissue by cut injury requires continuous synthesis of new protein molecules in a characteristically programmed sequence.
As previously reported, when potato tuber tissue was sliced and incubated aerobically, DNA synthesis was induced in nuclei of the tuber cells; DNA synthesis rose rapidly after slicing and reached a maximum at about 24 hr, then dropped sharply until 48 hr and continued to decrease gradually thereafter (22) . Time required for reaching maximum activity of DNA synthesis differs among batches of potatoes (from 16 hr to 36 hr) but the time patterns are essentially the same. The fact that inhibitors of RNA and protein synthesis blocked the rise of DNA synthesis suggested that the induction process of DNA synthesis involves gene activation. Actually, activities of several enzymes were shown to increase concomitantly with DNA synthesis in the initial stage of callus induction from Jerusalem artichoke tuber tissue (1, 10) . RNA and protein syntheses were reported to be involved in the development of wound respiration in potato tuber slices and the necessary protein was synthesized in a very early stage of aerobic incubation after slicing (6) . Similar derepression phenomena have been shown to be involved in change in activities of several enzymes, e.g. phenylalanine ammonia lyase (25) , peroxidase (4, 21) , invertase (7, 18) , in sliced tissues (13) . Almost all of these enzymes were suggested to be synthesized continuously at least during the first 24 hr after slicing. It will be demonstrated in the present paper that the induction of DNA synthesis requires protein synthesis and that the timing of the protein synthesis follows a characteristic pattern which differs from that of other responses to cut injury such as wound respiration and the increase in the activities of above mentioned enzymes.
MATERIALS AND METHODS
Chemicals. All radioactive materials were purchased from Dai-ichi Pure Chemicals Co., Tokyo; CH2 from Sigma Chemical Co.
Plant Material. Potato (Solanum tuberosum L. cv. Irish Cobbler = Danshaku) tuber discs were prepared as described previously (22) . Discs of 7 mm in diameter and 1 mm thick were used.
Aerobic Incubation of Tissue Discs. Discs were incubated at 25 C in the dark on filter paper moistened with deionized water containing 50 ,ug/ml chloramphenicol. Addition of chloramphenicol at 50 ,ug/ml was previously proved to have no effect on the induction of DNA synthesis (22) . CH was applied to the discs by adding to the moistening solution at 2 ,g/ml unless otherwise indicated. In experiments where CH was removed from the discs, the CH-treated discs were washed for 6 hr with several changes of chloramphenicol solution while a stream of sterile air vigorously agitated and aerated the discs.
Incorporation of 3H-TdR. The rate of DNA synthesis was measured by incorporation of 3H-TdR into DNA. Duplicates of 20 discs removed from the incubation chamber were incubated with 1 ACi of 3H-6-TdR (16 Ci/mmole) in 0.5 ml for 2 hr at 25 C in the dark. The procedures for extraction of DNA and measurement of radioactivity in the DNA fraction were described previously (22) .
Phosphorylation of TdR in vivo was determined as follows. Trichloroacetic acid-soluble fraction extracted from labeled discs was washed with ether to remove the acid, and aliquots of 50 ul were applied to DEAE-cellulose paper discs (24 mm in diameter, Whatman DE-81). The paper discs were washed with 1 mm ammonium formate. The washing solution was changed twice every 10 min. Radioactivity of phosphorylated 3H-TdR remaining on the paper discs was determined in a liquid scintillation spectrometer.
2 Abbreviations: CH: cycloheximide; TdR: thymidine.
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Incorporation of '4C-Leucine. Protein synthesis of discs was measured by incorporation of (U-'4C)leucine (24 mCi/mmole) into protein fraction. Duplicates of 20 discs were incubated for a desired period on filter paper moistened with 1 ml of 0.2 ACi/ml '4C-leucine. In some experiments the discs were further labeled with 3H-TdR as described above. Protein was extracted with 0.5 N NaOH from the residue after DNA extraction. The alkalisoluble material was once precipitated by adding 5 N perchloric acid at a final concentration of 0.5 N, and redissolved in a hyamine hydroxide solution. Radioactivity of the protein fraction was measured in a liquid scintillation spectrometer after neutralization of hyamine hydroxide by acetic acid.
Buoyant Density Analysis of Labeled DNA. Fifty discs incubated for 18 hr after slicing were incubated for another 6 hr in the presence of CH (2 jig/ml) and then labeled for 2 hr with 30 ,uCi of 3H-TdR in 1 ml of CH solution. In the control experiment, 50 discs were incubated for 24 hr in the absence of CH and subsequently labeled with 2 ,uCi of '4C-2-TdR (51 mCi/mmole) for 2 hr. Appropriate amounts of unlabeled discs incubated under the same condition as in each experiment were added to the labeled discs as carrier, and DNA was extracted and purified from the discs by the method of Saito and Miura (20) . Purified control DNA (27 ,g) and CH-treated DNA (49 jig) were mixed in 15 mm NaCl, 1.5 mm sodium citrate solution (pH 7.6) and CsCl crystals were added to make final density of the solution 1.700 g/cm3. The mixture was centrifuged for 66 hr at 39,000 rpm in a Beckman SW 65L Ti rotor at 10 C. Fractions of 10 drops were collected from the bottom of the centrifuge tube, and refractive indices were measured. The density curve was calculated from the refractive indices and a correction was made with the buoyant density of Escherichia coli 3H-DNA (p = 1.710) run in parallel. After the addition of 0.5 ml of water, the absorbance at 260 nm of each fraction was recorded, and the radioactivity in trichloroacetic acid-precipitable material collected on a Whatman GF/C filter disc was counted in a liquid scintillation spectrometer.
RESULTS
Effects of Delayed Application of CH on Protein and DNA Synthesis. Figure 1 shows the effect of CH applied at various times after slicing on the rate of DNA synthesis which was determined at 12, 24, and 48 hr after slicing. The induction of DNA synthesis was completely inhibited when CH was applied immediately after slicing. Delayed application of the inhibitor resulted in a decrease in the inhibition in a very characteristic manner: when the inhibitor was applied at 6 hr after slicing, discs developed DNA-synthesizing activity by about 20% of control, regardless of the time of determination. The effectiveness of CH remained constant at 80% inhibition if the inhibitor was applied later on, but a rapid decrease in the inhibition was observed when CH was applied within 6 hr prior to each determination. The inhibited incorporation observed after CH-treatment was far below the incorporation measured at respective time of inhibitor application.
It can be seen in Figures 2 and 3 that change in the effectiveness of CH applied after a period of incubation was not due to change in sensitivity of protein synthesis in the discs to the inhibitor. Incorporation of 14C-leucine into the protein fraction ceased immediately after application of the inhibitor even in the discs incubated for 18 hr after slicing (Fig. 2a) . The inhibitory effect on protein synthesis was greater than that on DNA synthesis, when the inhibitor was applied later than 18 hr of incubation (Fig. 2b) . Dose-response curves in Figure 3a show that both protein and DNA syntheses were completely abolished by CH at a concentration of 2 ug/ml when applied immediately after slicing. In 6-hr incubated discs, a little higher concentration of CH was required for complete inhibition of protein synthesis (Fig. 3b) . These data suggest that the failure of CH to block DNA synthesis is not due to incomplete inhibition of protein synthesis. 3 . Dose-response of potato discs to increasing concentrations of CH. Indicated concentrations of CH were applied to the discs immediately after slicing (a) or 6 hr after slicing (b). '4C-leucine was added together with the inhibitor and incorporation of radioactivity into protein was determined at 26 hr after slicing. 3H-TdR was supplied to the discs between 24 and 26 hr after slicing to determine DNA synthesis. 14C-leucine (0); 3H-TdR (@). chondrial or nuclear satellite DNA has been shown to be higher than that of main nuclear DNA (12, 24) , density of DNA synthesized in the presence of CH was compared with that of DNA synthesized in control discs. 3H-labeled DNA prepared from discs which were incubated with CH for 6 hr prior to labeling with 3H-TdR and '4C-labeled DNA prepared from control discs were combined and their buoyant densities were determined. As shown in Figure 4 , the main band of 3H-labeled DNA coincided with 14C-labeled DNA (p = 1.690). Although the ratio of 3H to 14C was slightly higher in a fraction with density corresponding to mitochondrial DNA (p = 1.706, cf 24) or nuclear satellite DNA (p = 1.707, cf 12) than in the main band, difference of radioactivities in the fraction is too small to explain the residual synthesis of DNA in the presence of CH in terms of synthesis of mitochondrial or nuclear satellite DNA. We concluded that nuclear DNA of a major species is synthesized only at a greatly reduced rate in the absence of protein synthesis. Recovery from CH Inhibition. Recovery of the inhibited DNA synthesis in discs treated with CH immediately after slicing was examined with special reference to recovery of protein synthesis. Discs were incubated with CH for the first 6 hr and washed during the next 6 hr. The discs were then incubated under normal conditions. For examination of protein synthesis, 14C-leucine was supplied continuously to the discs from the start of the incubation after washing, and DNA synthesis was determined by labeling the discs with 3H-TdR for 2 hr, every 12 hr after washing.
While incorporation of both '4C-leucine and 3H-TdR was completely absent in the discs continuously exposed to CH, that in the CH-treated and washed discs recovered remarkably but not completely from inhibition of CH (Fig. 5) . Although protein synthesis reversed instantaneously, recovery of DNA synthesis from inhibition took place with about a 12-hr delay, and the time to attain the maximum value in the treated discs also was delayed for about 12 hr, which corresponded with the duration of CH treatment and washing (Fig. 5b ).
DISCUSSION
Our previous paper suggested that DNA synthesis is triggered in potato tuber tissue in response to cut injury and that the triggering mechanism involves temporal activation of genes since the induction was blocked by inhibitors of RNA synthesis as well as of protein synthesis (22) . In order to clarify the timing of synthesis of protein molecules which are necessary for the induction of DNA synthesis in potato discs, CH was applied to the discs at variously delayed time after slicing and its effect on the rate of DNA synthesis was determined. Specificity of the action of CH has been questioned by some investigators (16, 19) , but since inhibitors with other action mechanisms, e.g. puromycin, pfluorophenylalanine, canavanine, and ethionine, also blocked the induction of DNA synthesis in potato discs as previously shown (22) , it is very likely that CH acts on DNA synthesis through inhibiting protein synthesis. And as well, uncoupling in oxidative phosphorylation and inhibition of salt uptake by CH, which were observed in several plant tissues and might mislead the results, were very slight in potato tuber tissue (16) .
In the present paper, a very characteristic change was described in the effect of CH on the induction of DNA synthesis. DNA synthesis occurring after slicing seems to require protein synthesis in two phases for its full activation. Cells which were allowed to synthesize protein during the first 6 hr after slicing (phase I) could synthesize DNA at 20% of the rate in cells in control discs even when later protein synthesis was almost completely blocked by CH, while cells which were synthesizing DNA at a certain instance needed continuous synthesis of protein during 6 to 8 hr immediately prior to the instance to synthesize DNA at a full rate (phase II). Events (8, 23) . By analyzing the chain elongation rate of DNA strands, the reduction of the rate of DNA synthesis in the presence of CH was shown to be resulted from a reduced rate of chain elongation. The existence of proteins with a short half-life which regulate the chain elongation rate of DNA strand has been suggested (8, 23 
